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Calcium signalling: Sphingosine kinase versus phospholipase C?
Michael A. Beaven
A recent study shows that sphingosine kinase and its
lipid product have an essential signalling function; they
act in the mobilization of calcium ions in antigen-
stimulated mast cells. This finding may have relevance
to signalling in other cells of the immune system.
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Mast cells and cultured mast cell lines provide versatile
experimental models for studies of intracellular signalling
mechanisms and of the Ca2+-dependent exocytosis of gran-
ules. These cells express several hundred thousand cell-
surface receptors that have high affinity for immunoglobulin
E (IgE; the receptors are classified as FceRI). When such
receptors are aggregated by IgE-directed antigens, they
trigger the release of histamine-containing granules as well
as the synthesis of arachidonic acid-derived metabolites and
various cytokines, which together are responsible for the
cardinal symptoms of immediate hypersensitivity reactions.
An understanding of mast cell activation therefore has
obvious therapeutic implications.
In the early 1970s, studies by Foreman and colleagues
(reviewed in [1]) provided unambiguous evidence that the
release of granules from rat peritoneal mast cells was depen-
dent on an influx of external Ca2+, and that it could be
induced by Ca2+ ionophores or the provision of Ca2+ follow-
ing Ca2+ deprivation. Subsequent attempts by many groups
to delve into the mechanisms resulted in several false leads
and little clarification for some 20 years. Then, my col-
leagues and I showed that, in cultured RBL-2H3 mast cells,
increases in cytosolic free Ca2+ ([Ca2+]i) were maintained by
a dynamic balance between Ca2+ influx and efflux, and
were temporally correlated with substantial hydrolysis of
membrane phosphoinositides [2]. Again, subsequent studies
added little further clarification except to indicate many fea-
tures that were common to phosphoinositide-coupled sig-
nalling mechanisms in many types of cells, as well as some
features that were anomalous (see below). Recent findings
by Choi and co-workers [3] now account for these anomalies
and provide an additional chapter to the story. Before con-
tinuing, however, some more information about the cell
types and their signalling pathways must be provided.
Different signals from different receptors 
FceRI is one of a family of multimeric immunoglobulin-
binding (Fc) receptors which, like the T-cell and B-cell
antigen receptors, recruit cytosolic tyrosine kinases in order
to initiate stimulatory signals. FceRI consists of an IgE-
binding a subunit, a b subunit, and two disulphide-linked
g chains. The b and g chains contain the ‘immunoreceptor
tyrosine-based activation motif’ (ITAM), which is also
found in the g chains of other Fc receptors and the z chain
of the antigen receptors. When FceRI receptors are aggre-
gated by antigen, this motif allows recruitment of the tyro-
sine kinases Lyn and Syk, and the tyrosine phosphorylation
of multiple proteins, including phospholipase Cg. At least
two cascades are activated through a Syk-dependent step:
the phospholipase C–protein kinase C cascade that regu-
lates secretion, and the MAP (mitogen-activated protein)
kinase cascade that regulates phospholipase A2.
Virtually all the information described above has been
gained from studies using the RBL-2H3 mast cell line.
The versatility of this cell line has been enhanced by the
introduction into the cells of genes encoding various G-
protein-coupled receptors, among them the muscarinic m1
acetylcholine receptor (making ‘RBL-2H3-m1 cells’).
Stimulation of RBL-2H3-m1 cells with carbachol, an m1
receptor agonist, results in substantial phosphoinositide
hydrolysis, increase in [Ca2+]i and degranulation [4].
Although the muscarinic m1 receptors stimulate secretion,
they are coupled to phospholipase Cb through the G
protein Gq/11, rather than through the phosphorylation
cascade noted above for FceRI (O.H. Choi, K. Yamada,
and M.A.B, unpublished observations). But comparison of
the responses evoked through the two receptor types can
provide incisive information, as illustrated in the work of
Choi and colleagues [3].
Mechanisms of Ca2+ mobilization
Various mechanisms have been proposed for the regula-
tion of Ca2+ influx into the cytoplasm, but most recent
studies favor the view that Ca2+ influx is associated with
an emptying of intracellular Ca2+ stores. In many types of
electrically non-excitable cells, mobilization of Ca2+ occurs
in two phases: the first is an increase in [Ca2+]i as a result
of rapid Ca2+ release from internal stores in the endoplas-
mic reticulum that are sensitive to inositol 1,4,5 trisphos-
phate (IP3), following activation of receptors for IP3; the
second is an influx of extracellular Ca2+. The indepen-
dence of the first phase from extracellular Ca2+ can be
revealed by chelation of external Ca2+ using agents such as
EGTA. Typically, in Ca2+-deprived RBL-2H3 cells, stim-
ulation with antigen causes a transient increase in [Ca2+]i
as detected by Ca2+-sensitive fluorescent probes. This
increase has been attributed in part to production of IP3
for the following reasons. The rise in [Ca2+]i coincides
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with a small increase in IP3, which by itself is capable of
releasing Ca2+ from permeabilized RBL-2H3 cells; also,
the increase is not observed when the intracellular stores
are first depleted using other agonists that utilize IP3. The
second phase of Ca2 mobilization is revealed by restoring
external Ca2+, which results in a prompt and sustained
increase in [Ca2+]i due to influx of Ca2+ through a non-
selective permeation pathway. Other cations impede this
influx, either by blocking entry of Ca2+ at the cell surface
— for example, in the case of La3+ and Zn2+ — or by com-
peting with Ca2+ for entry into the cell, as in the case of
Sr2+, Ba2+ and Mn2+ [5].
According to one hypothesis, first proposed by Putney (see
[6]) and generally referred to as the capacitative entry
model, Ca2+ entry is switched on as intracellular pools
become depleted, and is switched off when they refill. This
hypothesis is now widely accepted and fits data obtained
with a wide variety of stimulants and cell systems. Certainly,
Ca2+ entry in RBL-2H3 cells has the same features whether
the cells are stimulated with antigen, with carbachol acting
on m1 receptors, with thapsigargin which blocks Ca2+
uptake into intracellular pools [4,7], or simply by buffering
intracellular Ca2+ [5]. But the mechanism for capacitative
Ca2+ entry is unclear, although several models are under
investigation (reviewed in [8]). These models include the
formation of a diffusible factor called CIF (for Ca2+ influx
factor), the alteration of the phosphorylation state of entry
channels by protein kinases or phosphatases, and direct
physical coupling of receptors and entry channels, with
regulation occurring as a result of conformational changes. 
Each model has its pros and cons, as discussed by Berridge
[8]. CIF, for example, is thought to be released into the
cytosol when intracellular stores are depleted following
stimulation of cells with ligands or thapsigargin, and CIF
then activates a Ca2+-entry current named Icrac for
‘calcium-release-activated calcium current’. A complication
is that the cytosolic extracts contain at least one additional
factor that may activate Icrac indirectly [8]. Icrac has been
characterized in mast cells and RBL-2H3 cells. It has an
unusually low conductance, with an estimated flux of
11 000 calcium ions per second, but it could accommodate
an estimated influx of 1.7 × 106 calcium ions per second per
cell in stimulated RBL-2H3 cells (recalculated from data in
[2]) with the equivalent of 150 Icrac channels per cell. Icrac
has high selectivity for Ca2+ [9] and is inhibited by low
concentrations of multivalent metal ions such as La3+ and
Zn2+, features that are not totally compatible with those
noted above for influx of Ca2+ into intact RBL-2H3 cells
(also discussed in [7]). It is uncertain, therefore, whether
Icrac alone, or a combination of Icrac and other influx mecha-
nisms, accounts for the influx in intact RBL-2H3 cells.
There are various ways in which the signalling in RBL-
2H3 mast cells differs from that in many other cell types.
As noted in the original studies [2], and unlike the situa-
tion in most cell types, stimulated hydrolysis of phospho-
inositides in RBL-2H3 cells is highly dependent on
external Ca2+. Phosphoinositide hydrolysis is non-existent
or barely detectable in the absence of Ca2+. Even in the
presence of Ca2+, increases in the non-signalling inositol
1,4-bisphosphate occur well before those of IP3. Further-
more, the phosphoinositide hydrolysis in response to
antigen can be blocked by the addition of phorbol ester,
without there being a significant diminution of the secre-
tory response. These anomalies led to the suggestion that
there is a third ‘cryptic’ signal in addition to the phospho-
inositide-linked Ca2+ signal and activation of protein
kinase C, and that a combination of any two of these three
signals would promote secretion [10]. Finally, in RBL-
2H3-m1 cells, carbachol induces much larger increases in
IP3 than does antigen, even though both agents elicit Ca2+
signals of similar magnitude [4]. 
Sphingosine lipids
Recently, sphingosine lipids have been recognized as a
source of second messengers for intracellular signals. Acti-
vation of sphingomyelinases following stimulation of cells
with various hormones or serum results in the production of
ceramide, sphingosine, and sphingosine 1-phosphate, and
an increase in [Ca2+]i (see Fig. 1; reviewed in [11]). Appli-
cation of sphingosine or the sphingosine 1-phosphate gen-
erated by the action of sphingosine kinase to intact cells,
permeabilized cells and microsomal preparations causes
release of stored Ca2+. Although sphingosine 1-phosphate
is thought to be the physiological mediator of Ca2+ release
[11], its instability and insolubility have led to the experi-
mental use of another Ca2+ releasing ligand, sphingo-
sylphosphorylcholine (SPC; see Fig. 1). Although SPC has
not been identified in vivo, it directly mediates release from
IP3-sensitive Ca2+-stores in the endoplasmic reticulum in
vitro [12] and causes increases in [Ca2+]i in intact cells (see
[11]). The recent cloning [13] and characterization [14] of a
microsomal SPC-gated Ca2+ channel in RBL-2H3 cells
demonstrate the presence of a sphingolipid-gated Ca2+
channel in endoplasmic reticulum, in addition to the previ-
ously described receptor channels activated by IP3 and
ryanodine [13].
As the release of Ca2+ from the endoplasmic reticulum by
sphingosine 1-phosphate (or a close relative) now has all the
physiologically relevant credentials, the question is: where
does the sphingolipid signalling system fit into the schemes
discussed above? Curiously, it has been overlooked in
recent reviews of Ca2+ signalling, and some amendments to
current models may be necessary, especially in the light of
the recent studies in RBL-2H3 cells [3,14]. The paper by
Choi et al. [3] picked up on previously noted discrepancies
in the signals generated in RBL-2H3-m1 cells by carbachol
and antigen [4]. The authors showed that the changes in
levels of IP3 correlated reasonably well with those of [Ca2+]i
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in carbachol-stimulated cells, whereas the same parameters
were poorly correlated in antigen-stimulated cells. The
question asked was whether production of sphingosine 1-
phosphate provided an alternative signalling pathway from
FceRI to an increase in [Ca2+]i. The antecedent was the
demonstration of SPC-gated channels in RBL-2H3 cell
microsomes [14]. Indeed, antigen caused a rapid (within
15 seconds) increase in sphingosine kinase activity
(whereas carbachol minimally stimulated this enzyme),
and shortly thereafter, an increase in levels of sphingosine
1-phosphate. These increases were related to dose of
antigen and showed remarkable similarity to the antigen
dose-response curves for increases in [Ca2+]i. The kinase
exhibited the expected kinetic properties with respect to
the substrate, sphingosine, and an inhibitory analogue,
threo-dihydrosphingosine (DHS; see Fig. 1). Sphingosine
1-phosphate itself induced an EGTA-resistant transient
increase in [Ca2+]i, a finding that is consistent with sphin-
gosine 1-phosphate causing release from intracellular
stores, as has been found in other cell lines.
The two key observations made by Choi et al. [3] were
these. First, addition of the inhibitor DHS ablated the
initial increase in [Ca2+]i in response to antigen and sub-
stantially inhibited production of sphingosine 1-phosphate
(by 75 %), while the antigen-induced production of IP3 and
Figure 1
The probable pathway for the formation of
sphingosine 1-phosphate in antigen-
stimulated RBL-2H3-m1 cells, and the
structures of related compounds that have
been used in the investigation of the
sphingolipid pathway in RBL-2H3 cells. The
Ca2+-releasing compounds are highlighted in
yellow. FceRI-mediated signals may regulate
sphingosine kinase and ceramidase (see text).
For further description of the sphingolipid
pathway, see [11].
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Syk-dependent phosphorylation of proteins were unim-
paired. Second, the Ca2+ and IP3 signals that were induced
by carbachol, and the Ca2+ signal induced by sphingosine 1-
phosphate, were unaffected by DHS, indicating that
FceRI-signalling mechanisms were selectively targeted by
DHS, probably at the level of sphingosine kinase. A small
progressive increase in [Ca2+]i was observed in the presence
of DHS, but whether this was attributable to the residual
increase in sphingosine 1-phosphate or the limited produc-
tion of IP3 in antigen-stimulated cells was unclear. Another
unresolved issue is the mechanism of activation of sphingo-
sine kinase. Genistein, a non-selective tyrosine kinase
inhibitor, only partially inhibited the activation of sphingo-
sine kinase and failed to suppress the sphingosine 1-phos-
phate or Ca2+ responses to antigen. The authors noted
preliminary data pointing to the availability of sphingosine
as the rate-limiting step in this system. That being the case,
the critical regulated step might be the activation of the
sphingosine-producing enzyme, ceramidase (hence the
question mark in Fig. 1), rather than sphingosine kinase.
The new findings explain the anomalous relationship
between Ca2+ and phosphoinositide signals in RBL-2H3
cells and add to the proposed functions of sphingosine 1-
phosphate as a regulator of cell growth and motility [11].
The findings also lead to new questions. For example,
does sphingosine 1-phosphate — or its physiological coun-
terpart — generate CIF, activate Icrac , or indeed activate
influx through other mechanisms? Is sphingosine 1-phos-
phate generated in response to activation of other
immunological receptors, in view of the analogous sig-
nalling mechanisms employed by these receptors? If so,
does the sphingolipid pathway provide a new target for
therapeutic disruption of immune responses? Hopefully
the paper of Choi et al. [3] will stimulate further research
and answers to these questions very soon. 
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